Gonzalez EJ, Girard BM, Vizzard MA. Expression and function of transforming growth factor-␤ isoforms and cognate receptors in the rat urinary bladder following cyclophosphamide-induced cystitis. Am J Physiol Renal Physiol 305: F1265-F1276, 2013. First published August 7, 2013 doi:10.1152/ajprenal.00042.2013.-Numerous proinflammatory cytokines have been implicated in the reorganization of lower urinary tract function following cyclophosphamide (CYP)-induced cystitis. The present study investigated the functional profile of three pleiotropic transforming growth factor-␤ (TGF-␤) isoforms and receptor (T␤R) variants in the normal and inflamed (CYP-induced cystitis) rat urinary bladder. Our findings indicate that TGF-␤ (1, 2, and 3) and T␤R (1, 2, and 3) transcript and protein expression were regulated to varying degrees in the urothelium or detrusor smooth muscle following intermediate (48 h; 150 mg/kg ip) or chronic (75 mg/kg ip; once every 3 days for 10 days), but not acute (4 h; 150 mg/kg ip), CYP-induced cystitis. Conscious, open-outlet cystometry was performed to determine whether aberrant TGF-␤ signaling contributes to urinary bladder dysfunction following intermediate (48 h) CYP-induced cystitis. T␤R-1 inhibition with SB505124 (5 M) significantly (p Յ 0.001) decreased voiding frequency and increased bladder capacity (2.5-fold), void volume (2.6-fold), and intercontraction intervals (2.5-fold) in CYP-treated (48 h) rats. Taken together, these results provide evidence for 1) the involvement of TGF-␤ in lower urinary tract neuroplasticity following urinary bladder inflammation, 2) a functional role of TGF-␤ signaling in the afferent limb of the micturition reflex, and 3) urinary bladder T␤R-1 as a viable target to reduce voiding frequency with cystitis.
INTERSTITIAL CYSTITIS/BLADDER pain syndrome (IC/BPS) is defined by the presence of dysuric symptoms and unpleasant sensations (visceral pain and discomfort) perceived to be related to the urinary bladder lasting longer than 6 wk and in the absence of other clinically identifiable sources (25) . While the etiology remains unknown, overlapping clinical signs and symptoms suggest an involvement of microbial infection (14) , submucosal immune cell infiltration (10) , disrupted urothelial cell permeability (34) , or inflammation (44) (for a review, see Ref. 22) . We propose that micturition dysfunction and visceral neurogenic pain associated with IC/BPS are partly mediated by the urinary bladder inflammatory response (18, 21, 41) . Several studies have already established the role of proinflammatory cytokines and their downstream targets in the organizational (19, 31) and functional (3, 29) alterations in micturition reflex pathways following chemically (cyclophosphamide; CYP)-induced cystitis. Most recently, the inflammatory mediator transforming growth factor (TGF)-␤ has been implicated in the pathogenesis of CYP-induced cystitis (45, 55) .
The TGF-␤ superfamily is composed of at least 35 structurally related pleiotropic proteins (28) . In addition to classic TGF-␤, the superfamily can be subdivided into bone morphogenetic proteins (BMPs), activins/inhibins, growth and differentiation factors (GDFs), anti-müllerian hormone (AMH), and nodal (for a review, see Ref. 30) . In mammals, the prototypic TGF-␤ cytokine exists in three isoforms (TGF-␤1, TGF-␤2, and TGF-␤3) and is synthesized as a 75-kDa homodimeric propeptide, in which the mature growth factor is noncovalently bound to a pro-domain (latency-associated protein; LAP) (1) . During secretion, covalent interactions between LAP and a glycoprotein, latent TGF-␤ binding protein (LTBP), translocate the latent complex to the extracellular matrix where it can be activated through protease-dependent (54) or protease-independent (thrombospondins, integrins, reactive oxygen species and protons) (6, 35, 38, 47) mechanisms (for a review, see Ref. 1) . The destabilization of TGF-␤/LAP and LAP/LTBP releases an activated TGF-␤ dimer that forms a heterotetrameric receptor complex composed of TGF-␤ type I receptor (T␤R-1) and T␤R-2. Ligand binding can also be enhanced through a third coreceptor (T␤R-3) that lacks an intracellular signaling domain (52) . To propagate an intracellular signal, intrinsic serine/ threonine kinase activity of T␤R-2 transphosphorylates T␤R-1 to initiate receptor-regulated SMAD-dependent or SMADindependent transduction pathways (33) .
The maintenance and modulation of TGF-␤ signaling is essential for epithelial cell cycle progression, proliferation, and apoptosis (26) , as well as immune cell function and inflammation (7) . The present study examined the transcriptional and translational regulation of TGF-␤ (1, 2, and 3) and T␤R (1, 2, and 3) in the rat urinary bladder inflammatory response and the role of TGF-␤ signaling in urinary bladder dysfunction following CYP-induced cystitis. Cytotoxicity in the urinary bladder accompanying CYP metabolism increases urinary bladder permeability (16) , urothelial hyperplasia, and voiding frequency (43) , in addition to altering somatic sensitivity (23, 24) , neurochemical (48, 50) , and electrophysiological (53) properties of micturition reflex function. Therefore, CYP-induced cystitis permits a controlled, systematic identification of inflammatory mediators underlying urinary bladder dysfunction that would otherwise be inaccessible in a clinical population (18) . With this in mind, we determined 1) the temporal and tissue (urothelium and detrusor smooth muscle) expression of TGF-␤ (1, 2, and 3) and T␤R (1, 2, and 3) urinary bladder transcripts following CYP-induced cystitis (acute, intermediate, or chronic); 2) the temporal expression of TGF-␤ (1, 2, and 3) urinary bladder protein following CYP-induced cystitis; 3) the temporal and tissue (urothelium and detrusor smooth muscle) expression of TGF-␤1 and T␤R (1, 2, and 3) using immunohistochemistry following CYP-induced cystitis; and 4) the functional effects of pharmacological T␤R-1 inhibition using conscious, open-outlet cystometry following intermediate (48 h ) CYP-induced cystitis.
MATERIALS AND METHODS

Animals
Naïve adult female Wistar rats (200 -375 g) purchased from Charles River Laboratories (Wilmington, MA) were housed two per cage and maintained in standard laboratory conditions with food and water available ad libitum. Estrous cycles were not determined at any point in these studies. Experimental procedures were approved by the University of Vermont Institutional Animal Care and Use Committee (protocol 08-085), and experimentation was conducted in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals (8th ed.).
Induction of CYP-Induced Cystitis
Female Wistar rats (n ϭ 4 -8/condition) received either no treatment, acute (150 mg/kg), intermediate (150 mg/kg), or chronic (75 mg/kg) intraperitoneal (ip) injections of cyclophosphamide (CYP; Sigma-Aldrich, St. Louis, MO). Following CYP (150 mg/kg ip) treatment, rats were harvested either 4 (acute) or 48 (intermediate) h postinjection (5, 11, 31) . For chronic CYP (75 mg/kg ip) treatment, rats received injections every third day for 10 days, and tissues were harvested on day 10 (5, 11, 31).
Antibodies
Polyclonal primary antibodies were purchased from Santa Cruz Biotechnology (Dallas, TX): rabbit anti-TGF-␤1 (sc-146, 1:1,000), rabbit anti-T␤R-1 (sc-398, 1:5,000), rabbit anti-T␤R-2 (sc-220, 1:2,000), and goat anti-T␤R-3 (sc-6199, 1:1,000). Secondary antibodies were purchased from Jackson ImmunoResearch Labs (West Grove, PA): Cy3 AffiniPure Goat Anti-Rabbit IgG (HϩL) (111-165-144, 1:500) and Cy3 AffiniPure Donkey Anti-Goat IgG (HϩL) (705-166-147, 1:500). Primary antibodies were diluted in 0.1 M phosphate-buffered saline (PBS) containing either 1% goat or donkey serum.
Real-Time Quantitative RT-PCR
Female Wistar rats (n ϭ 5-7/condition) were anesthetized with 2% isoflurane, and urinary bladders were harvested under RNase-free conditions following a thoracotomy. Components of the urinary bladder (urothelium and detrusor smooth muscle) were separated as previously described (9, 32) . For transcript analyses, the term urothelium refers to both the urothelial cell layers (basal, intermediate, and apical) and accompanying suburothelial structures. Total RNA was extracted from the urothelium and detrusor smooth muscle using STAT-60 total RNA/mRNA isolation reagent (Tel-Test 'B', Friendswood, TX), and complementary DNA (cDNA) was synthesized using random hexamer and oligo dT primers with M-MLV reverse transcriptase (Promega, Madison, WI) (20) . cDNA templates were assayed using HotStart-IT SYBR Green qPCR Master Mix (USB, Cleveland, OH) containing 5 mM MgCl 2, 0.4 mM dATP, dGTP, dCTP, and dTTP, HotStart-IT Taq DNA polymerase, and 300 nM of each primer (Table 1) in a final 25-l reaction volume (3, 20, 32) . Quantitative (q) RT-PCR was performed on an Applied Biosystems 7500 Fast real-time PCR system (Foster City, CA) using previously defined conditions (3, 20, 32) . Amplicons were subjected to a SYBR Green I melting curve analysis by ramping the reaction temperature from 60 to 95°C. A single hyperchromic effect was observed under these dissociation conditions demonstrating amplification of a specific product free of primer-dimers or other contaminants.
Analysis. Data were analyzed at the termination of each assay using the Sequence Detection Software (version 1.3.1; Applied Biosystems, Norwalk, CT). A standard curve was constructed by amplification of serially diluted plasmids containing the target sequence. The increase in SYBR Green I fluorescence intensity (⌬Rn) was plotted as a function of cycle number and the threshold cycle (C T) was the amplification cycle at which ⌬Rn intersects baseline (3, 20, 32) . qRT-PCR data are expressed as relative quantity of the gene of interest normalized to the relative quantity of the ribosomal reference gene, L32 (19) .
ELISAs
Female Wistar rats (n ϭ 8/condition) underwent the aforementioned CYP treatment and tissue harvest. Individual whole urinary bladders were weighed and solubilized for immunoassays in tissue protein extraction (Pierce Biotechnology, Woburn, MA) solution, a mild zwitterionic dialyzable detergent, supplemented with a complete protease inhibitor cocktail (Roche, Indianapolis, IN) (36) . Tissue was homogenized using a Kinematica Polytron homogenizer (Fischer Scientific, Pittsburgh, PA) and centrifuged (3,000 rpm at 10°C for 10 min). The supernatant was removed, and protein was quantified according to the manufacturer's instructions using a Coomassie Plus Protein Assay Kit (Pierce Biotechnology).
Ninety-six-well microtiter plates (R&D Systems, Minneapolis, MN) were coated overnight with a capture antibody specific to the analyte (DuoSet Development Systems, R&D Systems). Plates were washed (1ϫ PBS with 0.05% Tween 20), blocked (1ϫ PBS with 5% Tween 20), and then standards and samples were added in duplicate. Standards provided by the manufacturer consisted of a seven-point standard curve (r 2 ϭ 0.989 -0.997) in Reagent Diluent (1% BSA in PBS) beginning at 2,000 pg/ml. Following a 2-h incubation, standards and samples were vigorously washed three times, and a biotinylated detection antibody specific to the analyte was added and allowed to incubate for 2 h. Plates were washed three times, and a detection reagent (streptavidin-horseradish peroxidase) was added and incubated for 20 min. Plates were washed three times, and a substrate solution (hydrogen peroxide and tetramethylbenzidine) was added. Following a 20-min incubation, reactions were terminated with 2 N sulfuric acid, and the optical density was read at 450 and 570 nm.
Analysis. Absorbance values were corrected for optical imperfections by subtracting readings at 570 nm (49) . Samples were diluted to bring absorbance values onto the linear portion of the standard curve. Samples did not fall below the minimum detection limits of the assay. Curve fitting of standards and sample were performed using leastsquares fit regression analysis (49). 
rTGF-␤, rat transforming growth factor-␤; rT␤R, rat TGF-␤ receptor; F, forward; R, reverse.
Immunohistochemistry
Female Wistar rats (n ϭ 4/condition) underwent the aforementioned CYP treatment and tissue harvest. Urinary bladder tissue was immediately allowed to incubate in 4% paraformaldehyde for 24 h at 4°C and was then transferred to 30% sucrose in 0.1 M PBS overnight at 4°C. Tissue was embedded in optimal cutting temperature compound (Tissue-Tek, Batavia, IL), sectioned at 20 m, and mounted on 0.5% gel-coated slides (5, 9, 11). Sections were incubated overnight in polyclonal primary antibody (rabbit anti-TGF-␤1, rabbit anti-T␤R-1, rabbit anti-T␤R-2, and goat anti-T␤R-3), washed (3 ϫ 10 min), and then incubated in cyanine 3 (Cy3) AffiniPure conjugated secondary antibody for 2 h. Following washing (3 ϫ 10 min), slides were mounted with an antifading media (Citifluor, Fischer Scientific) and coverslipped.
Visualization and semiquantitative analysis. Immunoreactivity (IR) was captured using an Olympus fluorescent photomicroscope with a charge-coupled device (CCD) camera (MagnaFire SP, Optical Analysis, Nashua, NH) and LG-3 frame grabber (Scion, Frederick, MD). Each experimental series was processed on the same day with exposure time, brightness, and contrast held constant throughout image acquisition (5, 9) . To visualize Cy3, the filter was set with an excitation range of 560 -569 nm and an emission range of 610 -655 nm (5, 9) . Images (6/animal) were acquired, saved in a 24-bit RGB-tagged image file format, and imported into MetaMorph Image Analysis Software (v4.5r4, Microscope Imaging Center, Downingtown, PA) (5, 9).
The focus of our analyses was on the urothelium and detrusor smooth muscle, whereas other parts of the lower urinary tract including the suburothelial plexus and lumbosacral dorsal root ganglia (DRG) are the focus of a separate study. A free-hand drawing tool was used to trace and measure the total pixel area in the urothelium (basal, intermediate, apical) and excluded any suburothelial structures (11) . For the detrusor smooth muscle, six rectangles of fixed dimensions (125 ϫ 125 pixels) were placed without overlap according to random x and y coordinates (9, 32). As previously described (9, 32), a threshold encompassing an intensity range of 100 -250 grayscale values was applied to the region of interest in the least immunoreactive condition first and was maintained throughout the series. The threshold was adjusted for each experimental series with negative controls as a guide for setting background fluorescence (9, 32) .
Assessment of IR. Immunohistochemistry and evaluation of TGF-␤1 and T␤R (1, 2, and 3) IR in the urothelium or detrusor smooth muscle were performed in control and experimental tissues simultaneously to reduce the incidence of staining variation that can occur between tissues processed on different days (5, 9, 11) . Staining in experimental tissue was compared with that in experiment-matched negative controls. Negative controls following the same experimental procedures were processed in the absence of a polyclonal primary antibody to assess specificity and background staining. In the absence of a primary antibody, positive IR was not observed (data not shown). IR was considered positive only when intensity measurements of the target exceeded the established threshold. Percent IR above threshold as a function of total area selected was calculated and reported. For the detrusor smooth muscle, percent target expression above threshold was averaged across the six regions.
Cystometry
Intravesical catheter implant. A dorsal (below scruff of the neck) incision and lower midline abdominal incision was performed under 2% isoflurane using aseptic techniques. The end of a polyethylene (PE-50; Clay Adams, Parsippany, NJ) tube was flared, tunneled, and inserted into the bladder dome. The proximal end was secured to the dome with a 6-0 nylon purse string suture, whereas the distal end was sealed, coiled, and stored in a dorsal subcutaneous pouch. Adult female Wistar rats (n ϭ 4 -5/condition) recovered for 72 h with postoperative analgesia (buprenorphine, 0.05 mg/kg sc) being maintained for 48 h. No animals met our exclusion criteria (3, 5) .
Conscious, freely moving cystometry with an open outlet. The dorsal subcutaneous polyethylene tubing was externalized under 2% isoflurane, and the animal was placed unrestrained into a Small Animal Cystometry System (Med Associates, St. Albans, VT) recording cage over a scale and pan used to quantify voided volume. The animals were each given a 10-min acclimation period before the continuous intravesical infusion of 0.9% sodium chloride (NaCl) injection, USP (Baxter, Deerfield, IL) at a rate of 10 ml/h. To avoid micturition variation resulting from circadian rhythms, functional tests were conducted at similar times of the day (15) . Each animal was run for at least six reproducible micturition cycles (predrug baseline) after an initial stabilization period (30 min). Intravesical pressure (nonvoiding, filling, threshold, and peak micturition pressures), intercontraction interval, and infused and voided volume were recorded for each micturition cycle. Bladder capacity was quantified as the total infused 0.9% NaCl at the time micturition commenced (3, 5) . Nonvoiding bladder contractions were defined as rhythmic intravesical pressure increases 0.69 kilopascals (kPa) above baseline without the release of fluid from the urethra and are not reported due to their infrequency in the current study (3, 5) .
To determine the role of TGF-␤ on urinary bladder function in control (no inflammation) or CYP-treated rats, we intravesically instilled 1 ml of a T␤R-1 small molecule inhibitor, SB505124 (5 M; R&D Systems), under 2% isoflurane for 30 min immediately following the baseline measurements. SB505124 (5 M) was chosen due to its in vitro potency and selectivity for TGF-␤-activated activin receptor-like kinases (ALKs) (12) . Intravesical instillation of 1 ml 0.01% DMSO in 0.9% NaCl under 2% isoflurane was used for the vehicle control conditions. Rats remained anesthetized during instillation to suppress the micturition reflex and prevent expulsion of SB505124 (5 M) or 0.01% DMSO (2, 3, 5) . At the conclusion of drug instillation, urinary bladder function tests were repeated and run for at least six reproducible micturition cycles (postdrug). The animals were euthanized following functional testing as described above.
Materials
SB505124 (R&D Systems) was reconstituted in DMSO (99.5%) and stored at Ϫ20°C. Before its use, stock solutions were diluted to a working concentration (5 M) with 0.9% NaCl injection, USP (Baxter).
Statistical Analyses
All values represent means Ϯ SE. Data were compared with one-way or repeated measures ANOVA where appropriate. When F (test statistic) exceeded the critical value (P Յ 0.05), the Bonferroni or Newman-Keuls multiple comparisons test was used to compare group means.
RESULTS
TGF-␤ (1, 2, and 3) and T␤R (1, 2, and 3) Transcript Expression in the Urothelium and Detrusor Smooth Muscle Following CYP-Induced Cystitis
The regulation of TGF-␤ (1, 2, and 3) and T␤R (1, 2, and 3) transcripts in the urothelium and detrusor smooth muscle was examined by qRT-PCR analyses (Fig. 1, A-F) .
TGF-␤1. TGF-␤1 transcript expression significantly increased relative to control in the urothelium (P Յ 0.001) and detrusor smooth muscle (P Յ 0.01) following intermediate (48 h ) CYP-induced cystitis (Fig. 1A) . Significant differences were not observed in the urothelium or detrusor smooth muscle following acute (4 h) or chronic CYPinduced cystitis (Fig. 1A) .
TGF-␤2.
Basal TGF-␤2 transcript expression significantly (P Յ 0.05) differed between the urothelium and detrusor smooth muscle under control conditions (Fig. 1B) . TGF-␤2 transcript expression in the urothelium significantly increased relative to control following intermediate (48 h; P Յ 0.01) or chronic (P Յ 0.01) CYP-induced cystitis, whereas no significant differences were observed following acute (4 h) CYP-induced cystitis (Fig. 1B) . Acute (4 h), intermediate (48 h ), or chronic CYP-induced cystitis did not significantly regulate TGF-␤2 transcript expression in the detrusor smooth muscle (Fig. 1B) .
TGF-␤3. TGF-␤3 transcript expression significantly increased in the urothelium following intermediate (48 h; P Յ 0.001) or chronic (P Յ 0.05) CYP-induced cystitis relative to control, whereas no significant differences were observed following acute (4 h) CYP-induced cystitis (Fig. 1C) . Acute (4 h), intermediate (48 h ), or chronic CYP-induced cystitis did not significantly regulate TGF-␤3 transcript expression in the detrusor smooth muscle (Fig. 1C) .
T␤R-1. T␤R-1 transcript expression significantly increased relative to control in the urothelium following intermediate (48 h; P Յ 0.01) or chronic (P Յ 0.001) CYP-induced cystitis (Fig.  1D ). In the detrusor smooth muscle, significant increases in T␤R-1 transcript expression were only observed following chronic (P Յ 0.05) CYP-induced cystitis relative to control (Fig. 1D ). Significant differences in detrusor smooth muscle (Fig. 1D) .
T␤R-1 transcript expression were not observed following acute (4 h) or intermediate (48 h) CYP-induced cystitis
T␤R-2. Intermediate (48 h) CYP-induced cystitis significantly increased T␤R-2 transcript expression in both the urothelium (P Յ 0.05) and detrusor smooth muscle (P Յ 0.05), whereas significant transcript increase following chronic CYPinduced cystitis was only seen in the urothelium (P Յ 0.001) (Fig. 1E) . Acute (4 h) CYP-induced cystitis did not significantly regulate urothelial or detrusor smooth muscle T␤R-2 transcript expression (Fig. 1E) .
T␤R-3. T␤R-3 transcript expression significantly increased relative to control in the urothelium following intermediate (48 h; P Յ 0.001) and chronic (P Յ 0.05) CYP-induced cystitis (Fig. 1F ). Significant transcript increases were similarly seen in the detrusor smooth muscle following intermediate (48 h; P Յ 0.05) and chronic (P Յ 0.05) CYP-induced cystitis (Fig. 1F) . Acute (4 h) CYP-induced cystitis did not significantly regulate T␤R-3 transcript expression in the urothelium or detrusor smooth muscle (Fig. 1F) .
TGF-␤ (1, 2, and 3) Protein Expression in Whole Urinary Bladder Following CYP-Induced Cystitis
The regulation of TGF-␤ (1, 2, and 3) urinary bladder protein was examined by ELISAs (Fig. 2, A-C) . The selection of analyte was limited by commercial availability. Intermediate (48 h) CYP-induced cystitis significantly increased urinary bladder TGF-␤1 (P Յ 0.001) and TGF-␤3 (P Յ 0.05) protein expression relative to control (Fig. 2, A and C) . Significant differences relative to control were not observed in TGF-␤1 and TGF-␤3 urinary bladder protein expression following acute (4 h) or chronic CYP-induced cystitis (Fig. 2, A and C) . TGF-␤2 urinary bladder protein expression did not significantly differ relative to control across acute (4 h), intermediate (48 h ), or chronic CYP treatments (Fig. 2B) .
TGF-␤1 and T␤R (1, 2, and 3) IR in the Urothelium and Detrusor Smooth Muscle Following CYP-Induced Cystitis
Based on the transcriptional and translational expression profiles observed, we focused immunostaining on TGF-␤1 and T␤R variants whose mRNA and protein exhibited tissue and temporal regulation by CYP treatment (Fig. 1, A and D-F, and Fig. 2A ). Regional differences in IR were not observed in the dome, body, or neck of the rat urinary bladder.
TGF-␤1.
Low-intensity, basal TGF-␤1-IR was present in all urothelial layers (basal, intermediate, and apical) and detrusor smooth muscle of control rat urinary bladders (Fig. 3, A and E) . Acute (4 h) CYP-induced cystitis revealed no observable differences in urothelial or detrusor smooth muscle TGF-␤1-IR relative to control (Fig. 3, B and F) . Intermediate (48 h) or chronic CYP-induced cystitis, however, resulted in high-intensity TGF-␤1-IR in both the urothelium and detrusor smooth muscle (Fig. 3, C and D and  G and H) . Semiquantitative analyses revealed a significant suprathreshold increase relative to control in the urothelium following intermediate (48 h; P Յ 0.001) or chronic (P Յ 0.001) CYP-induced cystitis (Fig. 3I) . Similarly, semiquantitative analyses in the detrusor smooth muscle revealed a significant suprathreshold increase relative to control following intermediate (48 h; P Յ 0.01) or chronic (P Յ 0.01) CYP-induced cystitis (Fig. 3J) .
T␤R-1. Low-intensity, basal T␤R-1-IR was present in all urothelial layers (basal, intermediate, and apical) and detrusor smooth muscle of control rat urinary bladders (Fig. 4, A and E). Acute (4 h) CYP-induced cystitis resulted in moderate urothelial IR relative to control, whereas intermediate (48 h) or chronic CYP-induced cystitis resulted in highintensity urothelial T␤R-1-IR (Fig. 4, B-D) . Semiquantitative analyses revealed a significant suprathreshold increase relative to control in the urothelium following intermediate (48 h; P Յ 0.001) or chronic (P Յ 0.01) CYP-induced cystitis (Fig. 4I ). There were no observable differences in detrusor smooth muscle T␤R-1-IR following acute (4 h) CYP-induced cystitis, while intermediate (48 h) or chronic CYP-induced cystitis resulted in moderate IR relative to control (Fig. 4, F-H) . Semiquantitative analyses revealed an emerging trend of robust suprathreshold IR following intermediate (48 h) or chronic CYP-induced cystitis (Fig. 4J) .
T␤R-2. Low-intensity, basal T␤R-2-IR was present in all urothelial layers (basal, intermediate, and apical) and detrusor smooth muscle of control rat urinary bladders (Fig. 5, A  and E) . Acute (4 h) CYP-induced cystitis resulted in moderate urothelial and detrusor smooth muscle IR relative to control, while intermediate (48 h) or chronic CYP-induced cystitis resulted in a high-intensity T␤R-2-IR (Fig. 5, B-D  and F-H) . Semiquantitative analyses revealed a significant suprathreshold increase relative to control in the urothelium following intermediate (48 h; P Յ 0.001) or chronic (P Յ 0.01) CYP-induced cystitis (Fig. 5I) . Similarly, semiquantitative analyses in the detrusor smooth muscle revealed a significant suprathreshold increase relative to control following intermediate (48 h; P Յ 0.001) or chronic (P Յ 0.01) CYP-induced cystitis (Fig. 5J) .
T␤R-3.
Low-intensity, basal T␤R-3-IR was present in the detrusor smooth muscle of control rat urinary bladders (Fig. 6A) . Acute (4 h) CYP-induced cystitis resulted in moderate IR relative to control, while intermediate (48 h) or chronic CYP-induced cystitis resulted in high-intensity de- trusor smooth muscle T␤R-3-IR (Fig. 6, B-D) . Semiquantitative analyses revealed a significant suprathreshold increase relative to control in the detrusor smooth muscle following intermediate (48 h; P Յ 0.01) or chronic (P Յ 0.01) CYP-induced cystitis (Fig. 6E) . T␤R-3-IR was not present in the urothelium following any control or CYP treatment paradigm (data not shown).
Urinary Bladder Function Following T␤R-1 Inhibition in Control (No Inflammation) or Intermediate (48 h) CYP-Induced Cystitis Rats
Urinary bladder function was determined using openoutlet, continuous cystometry in conscious, freely moving control or intermediate (48 h) CYP-induced cystitis rats ( Table 2 ). Intermediate (48 h) CYP-induced cystitis was chosen for analysis due to a robust increase in urinary bladder TGF-␤ ligand and receptor transcript and protein expression.
Control (no inflammation). Intravesical instillation of SB505124 (5 M) significantly (P Յ 0.05) decreased voiding frequency and increased bladder capacity (1.3-fold), void volume (1.4-fold), and intercontraction intervals (1.3-fold) relative to predrug baseline measurements (Table 2) . Intravesical pressure (filling, threshold, peak) was not significantly affected following SB505124 (5 M) instillation (Table 2) . Residual volume before or after SB505124 (5 M) instillation was minor (Յ35 l), and the effects of treatment persisted throughout the entirety of the experiment (1.5-2 h).
Intermediate (48 h ) CYP-induced cystitis. As previously demonstrated (3, 5, 29) , intermediate (48 h) CYP-induced cystitis increased voiding frequency and intravesical pressure (filling, threshold, peak) and decreased bladder capacity, void volume, and intercontraction intervals relative to control (no inflammation) rats (Table 2) . Intravesical instillation of SB505124 (5 M) significantly (P Յ 0.001) decreased voiding frequency and increased bladder capacity (2.5-fold), void volume (2.6-fold), and intercontraction intervals (2.5-fold) relative to predrug baseline measurements (Table 2, Fig. 7 ). SB505124 (5 M) did not significantly affect intravesical pressure (filling, threshold, peak) in CYPtreated (48 h) rats (Table 2 , Fig. 7 ). Residual volume before or after SB505124 (5 M) instillation was minor (Յ20 l), and the effects of treatment persisted throughout the entirety of the experiment (1.5-2 h).
DISCUSSION
The present study characterized the expression of urinary bladder TGF-␤ (1, 2, and 3) and T␤R (1, 2, and 3) following CYP-induced cystitis of varying durations and established a role for TGF-␤ signaling in micturition reflex function. We confirmed the presence of a delayed TGF-␤ proinflammatory phenotype following acute urinary bladder inflammation and extended previous findings (45, 55) by demonstrating the functional expression and chronicity of urinary bladder TGF-␤. These results provide evidence for a novel molecular component of the urinary bladder inflammatory response that, when inhibited, reduces voiding frequency with urinary bladder dysfunction.
The expression of TGF-␤ ligands in the urinary bladder proinflammatory cytokine milieu has been previously suggested to reflect the inflammatory state of the urinary bladder (45) .
In the remedial stages of inflammation, the urinary bladder undergoes alterations characterized by a deposition of extracellular matrix constituents and proliferation of activated fibroblasts (13) . Although the precise contribution of TGF-␤ to pathological tissue remodeling is unknown, TGF-␤ is capable of promoting deposition of profibrotic extracellular matrix proteins and preventing matrix degradation by inhibiting expression of metalloproteinases and plasminogen-activators (8). While neither the present nor past studies address the role of TGF-␤ in urinary bladder remodeling, our results suggest the profibrotic profile may be partly mediated by a delayed, longlasting TGF-␤ upregulation.
Chronic urinary bladder inflammation is characterized by increased mononuclear cell infiltration, mucosal ulceration, and the systemic release of proinflammatory cytokines and chemokines from distinct tissue compartments (40, 42) . The present study not only demonstrated the temporal regulation of TGF-␤ but also the differential distribution of TGF-␤ ligands and its cognate receptors. The regulation of TGF-␤1 and TGF-␤3 transcript expression in the urothelium appeared to contribute most to the global translational profiles observed in our conditions. However, significant upregulation of TGF-␤2 transcript in the urothelium was not sufficient to increase urinary bladder protein at any CYP-treatment duration. These differences may reflect the elevated basal TGF-␤2 transcript expression in the detrusor smooth muscle relative to the urothelium. T␤R (1, 2, and 3) transcript expression in the urothelium and detrusor smooth muscle was, in general, significantly increased following intermediate (48 h) or chronic CYP-induced cystitis. These profiles were maintained in T␤R-1 and T␤R-2 antigen immunoreactivity in the urothelium, as well as T␤R (1, 2, and 3) immunoreactivity in the detrusor smooth muscle. The absence of urothelial T␤R-3 immunoreactivity in control or CYP-treated animals may reflect transcript expression and regulation in the suburothelium, transcript instability (27) , decreased translation efficiency, and/or increased receptor internalization (17) .
While the clinical presentation of IC/BPS is diverse, there remain histopathological and immunological features that may contribute to urinary bladder dysfunction. Cystoscopic and bladder biopsy examinations indicate IC/BPS patients may present with a constellation of signs and symptoms, including an exaggerated inflammatory response, intrafascicular fibrosis, and detrusor mastocytosis (37, 39, 46) . Our findings, combined with the established role of TGF-␤ in cellular proliferation, differentiation, and migration, suggest TGF-␤ ligand overex- pression and subsequent intracellular signaling may contribute, in part, to the pathophysiology of our experimental cystitis model of IC/BPS. To determine whether aberrant TGF-␤ signaling contributes to urinary bladder dysfunction, we intravesically instilled a competitive ATP small-molecule inhibitor, SB505124 (5 M). Due to the structural similarities between TGF-␤-activated ALKs, it is possible for SB505124 to have off-target effects on activin A receptor, type IB (ACVR1B, ALK4). While further studies are necessary to define the specific role(s) of ACVR1B and T␤R-1 on urinary bladder dysfunction, SB505124 demonstrates 2.5-fold less potency in vitro on ACVR1B SMAD phosphorylation, suggesting it may have a greater influence on TGF-␤ signaling in vivo (12, 51) .
Instillation of SB505124 (5 M) decreased voiding frequency in both control (no inflammation) and intermediate (48 h ) CYP-induced cystitis rats; however, differences in foldchange suggest TGF-␤ signaling has a more prominent role in micturition reflex function following urinary bladder inflammation. These results not only remain consistent with the transcriptional and translational overexpression profiles observed following intermediate (48 h ) CYP-induced cystitis but also demonstrate a novel, albeit small, role for TGF-␤ in normal micturition reflex function. Cystometrogram recordings in control (no inflammation) rats following SB505124 (5 M) instillation revealed a role for basal urothelial TGF-␤ signaling in micturition reflex function due to the barrier properties provided by intact junction complexes and specialized apical proteins (4) . In addition, the absence of intravesical pressure changes suggests little to no effect on the urethral outlet and efferent limb of the micturition reflex. Similar parameters (void frequency, infused and voided volume, intercontraction intervals) were altered following intermediate (48 h ) CYP-induced cystitis and SB505124 (5 M), suggesting a role for aberrant TGF-␤ signaling in the afferent limb of the micturition reflex. Specific tissues or cell types in the urinary bladder that contribute to the functional effects are less clear due to increases in urinary bladder permeability after CYP metabolism (16) and global T␤R-1 overexpression. Future studies can address suburothelial-specific overexpression of T␤R-1 and/or determine the contributions of urothelial and detrusor smooth muscle TGF-␤ signaling to resolve our observed phenotypes.
The combination of systemic proinflammatory cytokine release, mononuclear cell infiltration, and the profibrotic resolution of inflammation may contribute to peripheral and central sensitization that may facilitate viscerosomatic hypersensitivity and bladder hyperreflexia observed in IC/BPS (42) . Given the biological contributions TGF-␤ may have to urinary bladder dysfunction (45, 55) and its recently established role in peripheral sensitization (56) , the present study characterized TGF-␤ transcript and protein expression at the level of the urinary bladder and provided evidence for a functional role of TGF-␤ signaling in the afferent limb of the micturition reflex. These studies demonstrate that targeting one component of the urinary bladder inflammatory response may be an effective strategy to reduce voiding frequency in an experimental cystitis model of IC/BPS.
